Abstract: Hydrochar was produced from neutral sulfite semi-chemical (NSSC) red liquor as a possible bio-based solid fuel for use in power generation facilities. Hydrothermal conversion (HTC) experiments were conducted using a fixed liquor-to-water volume ratio of 1:8 and reaction time of 3 h. Solutions were processed using different chemical additives, pH and temperature conditions to determine the optimum conditions required for producing a high energy content solid fuel. The hydrochar samples produced were analyzed by ultimate, thermogravimetric (TGA) and Fourier transform infrared spectroscopy (FTIR) analyses to determine physicochemical properties that are important for utilization as a fuel. The residual process liquids were also analyzed to better understand the effect of HTC process conditions on their properties. It was determined that the optimum conditions for producing a solid fuel was at a reaction temperature of 250˝C, in the presence of acetic acid at pH 3. The maximum energy content (HHV) of the hydrochar produced from red liquor at this condition was 29.87 MJ/kg, and its ash content was 1.12 wt.%. This result reflects the effect of increasing reaction temperature on the physicochemical characteristics of the hydrochar. The increase of HTC temperature significantly reduces the ash content of the hydrochar, leads to a significant increase in the carbon content of the hydrochar, and a reduction in both the oxygen and hydrogen content. These effects suggests an increase in the degree of condensation of the hydrochar products, and consequently the formation of a high energy content material. Based on TGA and FTIR analyses, hydrochars prepared at high HTC temperature showed lower adsorbed moisture, hemicellulose and cellulose contents, with enrichment in content of higher temperature volatiles, such as lignin.
Introduction
The changing climate and the increasing demand for clean energy are drivers in the exploration of reliable, low cost, sustainable and environmentally friendly routes to produce fuel materials that can be commercialized. The world's total energy consumption is expected to increase by 26 percent by the year 2040 from its recent 2014 consumption of 557 quadrillion BTUs per year, after accounting for energy savings through improved efficiency [1] . Technological solutions provide a platform for the development of energy generation, and therefore require advancement. In 2014, world energy supply, by source and in decreasing order of contribution, originated from: oil 33.6%, coal 26.6%, natural gas 21.5%, biomass and waste 9.5%, nuclear 4.7%, hydro 2.3% and other renewables (solar, wind, geothermal, etc.) 1.8% [1] . As can be seen, oil, coal and natural gas are the most used energy is called "hydrochar". Hydrochar possesses higher quality characteristics than biochar in terms of lower ash content, and higher carbon content and HHV [10] .
Recently, several experiments were conducted on the HTC of raw biomass, cellulose and kraft black liquor [6, [11] [12] [13] [14] . Some of the research conducted on black liquor has focused on the combustion kinetics and thermal behavior [15] [16] [17] . Black liquor has also been used as a solvent in the hydrothermal liquefaction of biomass [18] . Black liquor is considered as an attractive energy source compared to other feedstock resources: it is a waste product which requires no additional land for growing, and its intrinsic water content could be an excellent fit for HTC treatment. To date, little research has focused on the HTC of neutral sulfite semi-chemical (NSSC) red liquor (also known as brown liquor or sulfite liquor), especially to characterize the hydrochar properties and the interactions that occur during the hydrothermal carbonization process. Therefore, the goal of this study is to analyze the suitability of the hydrochar produced from the NSSC red liquor as a possible bio-based solid fuel for use in power generation facilities. Ethanol and acetic acid were utilized as additives to, respectively, aid in the lignin precipitation/separation during HTC, and to reduce the ash content of the hydrochar.
Materials and Methods

Hydrothermal Conversion Experiment
HTC experiments were conducted with NSSC red liquor and deionized water in a batch 1 L 4520 Parr bench top reactor (Parr Instrument Company, Moline, IL, USA). The red liquor was obtained from the Norampac Trenton mill in Trenton (ON, Canada), a plant that produces corrugating medium from hardwood and recycled pulp. A liquor-to-water volume ratio of 1:8 was used to ensure enough water was added to the reactor for a complete, uniform mixing of the liquor. Approximately 75 mL of NSSC red liquor and 600 mL of deionized water were added to the reactor. Four samples were hydrothermally converted and analyzed in the study:
‚
Sample 1-75 mL of NSSC red liquor with 600 mL of deionized water at pH 6.75.
‚ Sample 2-75 mL of NSSC red liquor with 600 mL of deionized water and 65 mL of glacial (17 M) acetic acid at pH 4.
‚ Sample 3-75 mL of NSSC red liquor with 600 mL of deionized water, 75 mL of glacial (17 M) acetic acid and 125 mL ethanol at pH 4.
‚ Sample 4-75 mL of NSSC red liquor with 600 mL of deionized water and 120 mL glacial (17 M) acetic acid at pH 3.
The pH of the NSSC red liquor and water mixture was found to be 6.75. In the case of samples 2 and 4, acetic acid was added to adjust the pH to 4 and 3, respectively, prior to the reaction. As for sample 3, 125 mL of ethanol was first added to the mixture (red liquor and water), prior to acetic acid, to enhance lignin separation. The addition of ethanol temporarily raised the pH of the mixture to 7.10, before 75 mL of acetic acid was added to the mixture to lower the pH to 4 prior to the HTC reaction. The mixtures were stirred for 5 min at 3500 rpm before the reactor was sealed and then purged with nitrogen to create an inert environment inside the reactor. The reactor was then heated to the desired temperature (˘3˝C) using an 800 W cylindrical heater at a heating rate of 3˝C/min. The HTC reactions were performed at reaction temperatures of 190˝C, 220˝C and 250˝C, while keeping the reaction residence time constant at 3 h and the pressure at saturated conditions. The reaction pressures at 190˝C, 220˝C and 250˝C were 1.1 MPa, 2.4 MPa and 4.1 MPa, respectively. Once the reaction was completed, cooling water was introduced to cool down the reactor gradually at a cooling rate of 4˝C/min until it reached room temperature. In addition, there was a minor reduction in the pH of samples 2, 3 and 4 to 3.96, 3.97 and 2.97, respectively. The gaseous phase was released into a fume hood through the gas outlet valve and the liquid product was released from the liquid discharge valve at the bottom of the reactor assembly for further analysis. The solid hydrochar product was then collected from the inside of the reactor, left to be dried overnight in an oven at 105˝C, and the dry mass was measured.
Ultimate Analysis
The ultimate analysis test was performed using 2.0˘0.5 mg of dried solid sample in a Flash 2000 Elemental Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). The carbon, hydrogen, nitrogen and sulfur contents of each sample was measured using the elemental analyzer and the oxygen content was calculated by subtracting the sum of the carbon hydrogen, nitrogen, sulfur and ash content from one hundred percent. In general, the carbon content of biomass is typically in the range of 35% to 58% (dry basis) [19] . An increase in the amount of carbon and hydrogen content leads to an increase in the HHV. The samples were burnt in a pure oxygen atmosphere. In order to achieve accurate results, the solid samples were ground to allow for a more homogenous distribution.
Thermal Analysis
Thermal analysis was conducted for hydrochar characterization to determine moisture, volatile/combustible matter, and ash contents. Moisture content relates to the amount of water present in the fuel as a percent of the fuel's total mass, and is considered one of the most important characteristics of biomass. Low moisture content is favorable because it results in a higher heating value due to the less energy requirement to convert the moisture into steam during combustion. The moisture in the biomass exists as water adsorbed on the walls of the biomass particles and free water within the biomass [20] . Whereas volatile matter is the part of biomass expelled to gas during the pyrolysis of biomass, combustible matter content is the remaining portion of biomass that is expelled upon oxidation.
Due to the small amounts of solid hydrochar produced from the HTC reactions, instead of traditional proximate analysis, thermal analysis was done using thermogravimetric analysis (TGA) [15] [16] [17] . It was performed using a DSC-TGA SDT Q600 unit (TA Instruments, New Castle, DE, USA). Thermal analysis parameters were obtained from the weight loss of the hydrochar samples at various temperature ranges (Figure 1a ). 
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Due to the small amounts of solid hydrochar produced from the HTC reactions, instead of traditional proximate analysis, thermal analysis was done using thermogravimetric analysis (TGA) [15] [16] [17] . It was performed using a DSC-TGA SDT Q600 unit (TA Instruments, New Castle, DE, USA). Thermal analysis parameters were obtained from the weight loss of the hydrochar samples at various temperature ranges (Figure 1a ). Differential scanning calorimetry (DSC) data was collected with the Q600 for the raw red liquor. An ash test was also carried out using the ASTM E1755 standard to validate the TGA method. Here, 0.5 to 1.0 g of dried sample was placed in a muffle furnace with air at 575 °C ± 15 °C for at least 4 h. As for the TGA methodology, the analysis was performed using approximately 8 to 10 mg of oven dried sample at a heating rate of 15 °C/min at temperatures from ~20 °C to 950 °C. The sample was placed in an alumina crucible, which is a cylindrical container with an internal diameter of 5 mm and a height of 4 mm. The temperature was first raised to 105 °C using nitrogen gas (100 mL/min, in order to eliminate heat and mass transfer limitations [21] ) and held isothermally for 2-3 min for the weight to stabilize and drive off any post-drying adsorbed moisture. The temperature was then ramped to 900 °C and held isothermally for 2-3 min, followed by further temperature ramping to 950 °C. At 900 °C, the atmosphere was switched to air at a flow rate of 100 mL/min to create a combustion Differential scanning calorimetry (DSC) data was collected with the Q600 for the raw red liquor. An ash test was also carried out using the ASTM E1755 standard to validate the TGA method. Here, 0.5 to 1.0 g of dried sample was placed in a muffle furnace with air at 575˝C˘15˝C for at least 4 h. As for the TGA methodology, the analysis was performed using approximately 8 to 10 mg of oven dried sample at a heating rate of 15˝C/min at temperatures from~20˝C to 950˝C. The sample was placed in an alumina crucible, which is a cylindrical container with an internal diameter of 5 mm and a height of 4 mm. The temperature was first raised to 105˝C using nitrogen gas (100 mL/min, in order to eliminate heat and mass transfer limitations [21] ) and held isothermally for 2-3 min for the weight to stabilize and drive off any post-drying adsorbed moisture. The temperature was then ramped to 900˝C and held isothermally for 2-3 min, followed by further temperature ramping to 950˝C. At 900˝C, the atmosphere was switched to air at a flow rate of 100 mL/min to create a combustion environment to eliminate any remaining combustible matter. The major weight loss occurs in the temperature range of 120˝C to 650˝C, due to the break-down of organic compounds releasing mainly carbon dioxide, carbon monoxide and methane. Once the sample was completely combusted, the final residue was considered as ash.
Calorimetry
Calorimetry was used to measure the higher heating value (HHV), which is the amount of heat liberated through combustion of fuel. The HHV of dried solid samples were analyzed using IKA-C200 bomb calorimeter (IKA Works, Wilmington, NC, USA). An amount of 1.0˘0.5 g of dried solid sample was placed in a ceramic crucible and fitted in a steel decomposition vessel. In order to achieve accurate results, the solid samples were ground and sieved to <1 mm to allow for a more homogenous distribution. The vessel was then securely tightened by pressurizing to 30 bar using oxygen, and placed inside the calorimeter filled with water at room temperature. The change in water temperature before and after the ignition of the sample (via a cotton thread placed in the sample and connected to an ignition wire) was used to calculate the HHV of the sample.
Fourier Transform Infrared Spectroscopy (FTIR)
A PerkinElmer Spectrum Two instrument (PerkinElmer, Waltham, MA, USA) was used to obtain the infrared spectra of the samples, recorded from 4000 to 400 cm´1 with a resolution of 2 cm´1 in transmission mode. This analysis allowed identification of functional groups in the solid samples. Dried solid samples, 0.1 g in mass, were pressed into disks using a manual hydraulic press (Specac Limited, Orpington, UK) at a force of 100 N. In addition, liquid samples were also analyzed by filling the crucible with no applied force. The residual liquid by-product from the HTC reactions were analyzed to characterize dissolved compounds.
Inorganic Metal Analysis
The biggest challenge biomass faces as an alternative fuel source is the presence of alkaline metals. The trace amounts of non-combustible inorganic elements in hydrochar are responsible for the formation of ash. The amount of ash generated depends on the temperature and solvent used in the hydrothermal process. To determine the effect of the hydrothermal treatment on the fate of alkaline metals, process liquid by-product samples were analyzed for inorganic elemental concentration. The testing of the liquid samples was performed using an ICS-5000 ion chromatograph (Thermo Scientific, Waltham, MA, USA). The inorganic elements detected in the analysis were calcium, magnesium, manganese, potassium, phosphorus and sodium.
Results
Hydrochar
3.1.1. Ultimate Analysis Table 1 shows the ultimate analysis performed on the hydrochar samples prepared at different HTC reaction temperatures and using the following reaction media: As the results show, the carbon content of dry raw red liquor was only 29 wt.%, and was enhanced after hydrothermal conversion with the additions of water, acetic acid and ethanol. The carbon content of the hydrochar products was in the 54-74 wt.% range. Sample 4 recorded the highest carbon content among the samples at each carbonization temperature. It should be noted that for a carbonization temperature of 250˝C, the percentage of carbon fixed in the hydrochar was in the 65-74 wt.% range, sample 4 being the highest with 73.6 wt.%, which is closely comparable to that of a reference bituminous coal. Moreover, the oxygen content of the hydrochar samples decreased with increasing reaction temperature to reach a minimum of 18.5 wt.%, which is still higher than that recorded for coal at 11.4 wt.%. The hydrogen content varied only slightly with reaction severity in the range of 6 wt.%, comparable to that of coal. On the other hand, it was observed that an increase in the HTC reaction temperature, i.e., from 220˝C to 250˝C, causes a decrease in the O/C and H/C atomic ratios, suggesting an increase in the degree of condensation of the hydrochar products. Moreover, the analysis of the samples indicated that no sulfur was present, which is a requirement of high quality coal.
Thermal, Gravimetric and Calorimetric Analyses
Thermal analysis of the samples was also performed using TGA, and mass yield and HHV were also determined; the results are presented in Table 2 . The mass yields of the hydrochars, defined as the fraction of the initial red liquor dry weight that was recovered after hydrothermal conversion, were in the 45%-75% range, and significantly decreased as the reaction temperature increased. The maximum yield of 75% was obtained by sample 1 at 190˝C. In addition, the increase of reaction temperature significantly affects the color and physical appearance of the solid hydrochar; the appearance of the hydrochar was more coal-like black at 250˝C.
As for the energy content, the HHV of raw red liquor was only 12.5 MJ/kg, while with the reaction in water, acetic acid and ethanol, together with increasing temperature, the HHV increased drastically. The HHV of the solid hydrochar, with the addition of water only, yielded an average of 25 MJ/kg for all samples, which is almost double the HHV value of the raw red liquor. At 190˝C, the HHV is favored in a strongly acidic environment, reflected in sample 4 that had the highest HHV recorded of 26.2 MJ/kg. There was further increase of HHV for all samples at 220˝C, with an average of 28.2 MJ/kg. The highest HHV of 30 MJ/kg was achieved by samples 2, 3 and 4 at 250˝C. This result is comparable to the HHV of coal at 32 MJ/kg, which confirms the benefit of acetic acid in the HTC of red liquor to produce a high-quality fuel.
Ash content represents one of the biggest challenges for utilization of high energy content biomass-derived hydrochar for power generation due to the operational difficulties it causes. The ash contents of the reference bituminous coal and raw red liquor were 7.80 wt.% and 10.39 wt.%, respectively. As seen in Table 2 , the ash yield of each sample is significantly reduced as the reaction temperature increased. Sample 4 recorded the lowest ash content at every reaction temperature tested. The lowest ash content recorded was 1.1 wt.% obtained by sample 4 at 250˝C.
TGA was used to provide in-depth understanding of the combustion characteristics of the red liquor and its constituents. The analysis was carried out under inert atmosphere using nitrogen gas, followed by a short exposure to a combustion environment using air. The different weight loss regimes and their rates as a function of temperature are evidence that the decomposition of red liquor occurs in stages due to its inherent chemical properties. In general, biomass has high amounts of moisture and low-temperature volatile matter, and low amounts of fixed carbon, which results in low combustion efficiency. The moisture contents of the reference bituminous coal and raw red liquor were 0.48 wt.% and 6.39 wt.%, respectively.
The main decomposition of carbonaceous content of red liquor occurred in the temperature range of 120˝C-650˝C, shown in Figure 1a and as the Raw RL curves in Figure 2 . The weight loss occurring at approximately 800˝C-900˝C is attributable to the decomposition of sodium carbonate salt [22, 23] ; sodium content of red liquor is high as sodium sulfite is used in the neutral sulfite pulping process. This weight loss is accompanied by a strong endothermic peak detected by DSC, as shown in Figure 1b , which is characteristic of the thermal decomposition of inorganic salts. Figure 2a shows the TGA profile of hydrochar samples prepared at 190˝C. Samples 1 and 2 also showed considerable moisture-attributed weight losses in the range of 7-10 wt.% (Table 2) . On the other hand, samples 3 and 4 showed reduced moisture losses of 2-4 wt.%. As the TGA temperature increases, the weight loss of the hydrochar samples can be divided into three stages. During the first stage, the temperatures that promote maximum volatilization rate were in the range of 120 to 320˝C. During this stage, most samples experienced at least 50 wt.% weight loss. In this temperature range, raw red liquor lost 35 wt.% of its initial weight. However, higher weight loss was observed for samples 2 and 3 at around 75 wt.%. In the second stage, from 320 to 500˝C, another major weight loss was observed for all samples. Approximately 18 wt.% weight loss was observed for raw red liquor. Sample 3 only experienced 5 wt.% weight loss. The largest weight loss observed for sample 4 was roughly 40 wt.%. In the third stage, above 500˝C, remaining lignin was the most difficult to decompose compound, and therefore slow decomposition and minor weight loss was observed for all samples.
By increasing HTC temperature to 220˝C (Figure 2b ), the hydrochar profiles shifted towards higher temperatures, especially in the second and third decomposition stages. The weight loss due to moisture was reduced significantly, especially for samples 2, 3 and 4 with just over 2 wt.% weight losses up to 120˝C. At HTC temperature of 220˝C, the weight losses of the hydrochar samples in the first decomposition stage (120-320˝C) were reduced to around 15-35 wt.%. Samples 3 and 4 lost around 85 wt.% of their initial weights by the end of the second decomposition stage (320-500˝C). Lastly, an average of 10% weight loss of the hydrochar samples was observed in the third decomposition stage (500-950˝C).
At an HTC temperature of 250˝C (Figure 2c ), minor weight loss of the hydrochar samples was observed in the first decomposition stage. All samples, except for sample 1, demonstrated similar TGA profiles, with major weight losses occurring in the second decomposition stage, extending into the early part of the third decomposition stage. Unlike the other samples, the TGA profile of sample 1 did not change as much compared to its profiles in at previous reaction temperatures, indicating poor performance of water only as a reaction medium. For samples 2, 3 and 4, about 90 wt.% weight loss was observed between 320˝C and 550˝C. Later in the third decomposition stage, negligible weight loss was recorded for these samples, which is suggestive of fully volatilized hydrochar with small ash residue. 
Fourier Transform Infrared Spectroscopy (FTIR)
The chemical transformations that occur when raw red liquor is converted into carbonaceous products at different HTC reaction temperatures were examined by FTIR (Figure 3 ). The analysis of the FTIR results is further discussed in Section 4.1.3. 
The chemical transformations that occur when raw red liquor is converted into carbonaceous products at different HTC reaction temperatures were examined by FTIR (Figure 3 ). The analysis of the FTIR results is further discussed in Section 4. Figure 5 shows the effect of HTC on the inorganic metal composition of the residual process liquid samples. The high concentration of inorganic elements, notably calcium (Ca), potassium (K) and sodium (Na), in the residual process liquid samples collected after HTC at 250 °C suggests that the removal yield of these inorganic elements from the hydrochar samples is highest at that temperature. The majority of the inorganic impurities such as calcium, sodium, magnesium (Mg) and potassium are present in the hemicellulose fraction of the liquor [24] . Thus, the removal of the hemicellulose into the liquid phase during the HTC process explains the demineralization phenomena of the hydrochar samples. The concentration of sodium for samples 1 and 2 at 190 °C was above the detection limit (>100 mg/L), whereas for samples 3 and 4, the concentration was also high, in the 60-80 mg/L range. As the reaction temperature is increased to 220 °C, the loss of sodium from the hydrochar samples, especially samples 3 and 4, is evident. As a result, the concentration of sodium for all samples prepared at 220 °C and 250 °C was above the detection limit (>100 mg/L). In addition, the concentration of calcium in the residual liquid is seen to increase with reaction temperature, especially for samples 1 and 2. The concentrations of calcium for liquid samples 3 and 4 were in the region of 15-20 mg/L, with insignificant changes observed for different processing temperatures. In the case of potassium, the concentrations in the residual process liquid were considerably lower compared to calcium and sodium. Similarly to calcium and sodium, temperature increase had a direct effect in the concentration increase of potassium. It should be noted that the concentration of potassium was highest for sample 1 and lowest for sample 4 at each reaction temperature. Furthermore, the concentrations of magnesium, manganese (Mn) and phosphorus (P) in the residual process liquids were also measured; however, these concentrations were significantly lower than the aforementioned elements. Figure 5 shows the effect of HTC on the inorganic metal composition of the residual process liquid samples. The high concentration of inorganic elements, notably calcium (Ca), potassium (K) and sodium (Na), in the residual process liquid samples collected after HTC at 250˝C suggests that the removal yield of these inorganic elements from the hydrochar samples is highest at that temperature. The majority of the inorganic impurities such as calcium, sodium, magnesium (Mg) and potassium are present in the hemicellulose fraction of the liquor [24] . Thus, the removal of the hemicellulose into the liquid phase during the HTC process explains the demineralization phenomena of the hydrochar samples. The concentration of sodium for samples 1 and 2 at 190˝C was above the detection limit (>100 mg/L), whereas for samples 3 and 4, the concentration was also high, in the 60-80 mg/L range. As the reaction temperature is increased to 220˝C, the loss of sodium from the hydrochar samples, especially samples 3 and 4, is evident. As a result, the concentration of sodium for all samples prepared at 220˝C and 250˝C was above the detection limit (>100 mg/L). In addition, the concentration of calcium in the residual liquid is seen to increase with reaction temperature, especially for samples 1 and 2. The concentrations of calcium for liquid samples 3 and 4 were in the region of 15-20 mg/L, with insignificant changes observed for different processing temperatures. In the case of potassium, the concentrations in the residual process liquid were considerably lower compared to calcium and sodium. Similarly to calcium and sodium, temperature increase had a direct effect in the concentration increase of potassium. It should be noted that the concentration of potassium was highest for sample 1 and lowest for sample 4 at each reaction temperature. Furthermore, the concentrations of magnesium, manganese (Mn) and phosphorus (P) in the residual process liquids were also measured; however, these concentrations were significantly lower than the aforementioned elements. 
Inorganic Metal Analysis
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Ultimate Analysis
The HTC process involves dehydration, condensation, and decarboxylation reactions, resulting in a loss of hydrogen and oxygen atoms. As the HTC reaction temperature increases, the carbon content of the hydrochar samples significantly increases, along with reduction in both oxygen and hydrogen contents, suggesting an increase in degree of condensation of the hydrochar products, and consistent with the formation of a well-condensed material. Out of these changes, oxygen loss is of the greatest importance and is most desirable, because it directly affects the energy content. In addition, higher carbon content is favorable to allow the production of valuable carbonaceous products. As seen in Table 1 , the hydrogen content varied only slightly with reaction severity. Moreover, the majority of the samples have low nitrogen content of less than 0.80 wt.%. This is favorable since the combustion capability of nitrogen of being converted to nitrogen oxides (NOx) during combustion causes air pollution concerns; an insignificant amount of nitrogen converts to ash. Moreover, the analysis of the samples indicates that no sulfur is present, which is required for high quality coal. The sulfur content of biomass generates sulfur dioxide (SO2), which forms sulfates that may condense in the boilers causing fouling or accumulate in the ashes. The obtained results suggest that the hydrothermal carbonization of red liquor is an effective way to increase the carbon content present in the biomass, and the resulting hydrochar demonstrates similar composition to coal.
The increase in reaction temperature decreases the O/C and H/C atomic ratio as observed in the Van Krevelen diagram (Figure 6 ). The Van Krevelen diagram is a classical method to demonstrate changes in atomic C, H, and O compositions [9] . In this figure, typical ranges for biomass, peat, lignite and coal are indicated. The starting red liquor feedstock is shown in the upper right corner of the diagram, within the typical biomass region. The figure illustrates that with higher HTC process severity, the resulting sample 4 hydrochar becomes increasingly similar to coal. It can be seen that 
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Ultimate Analysis
The HTC process involves dehydration, condensation, and decarboxylation reactions, resulting in a loss of hydrogen and oxygen atoms. As the HTC reaction temperature increases, the carbon content of the hydrochar samples significantly increases, along with reduction in both oxygen and hydrogen contents, suggesting an increase in degree of condensation of the hydrochar products, and consistent with the formation of a well-condensed material. Out of these changes, oxygen loss is of the greatest importance and is most desirable, because it directly affects the energy content. In addition, higher carbon content is favorable to allow the production of valuable carbonaceous products. As seen in Table 1 , the hydrogen content varied only slightly with reaction severity. Moreover, the majority of the samples have low nitrogen content of less than 0.80 wt.%. This is favorable since the combustion capability of nitrogen of being converted to nitrogen oxides (NO x ) during combustion causes air pollution concerns; an insignificant amount of nitrogen converts to ash. Moreover, the analysis of the samples indicates that no sulfur is present, which is required for high quality coal. The sulfur content of biomass generates sulfur dioxide (SO 2 ), which forms sulfates that may condense in the boilers causing fouling or accumulate in the ashes. The obtained results suggest that the hydrothermal carbonization of red liquor is an effective way to increase the carbon content present in the biomass, and the resulting hydrochar demonstrates similar composition to coal.
The increase in reaction temperature decreases the O/C and H/C atomic ratio as observed in the Van Krevelen diagram (Figure 6 ). The Van Krevelen diagram is a classical method to demonstrate changes in atomic C, H, and O compositions [9] . In this figure, typical ranges for biomass, peat, lignite and coal are indicated. The starting red liquor feedstock is shown in the upper right corner of the diagram, within the typical biomass region. The figure illustrates that with higher HTC process severity, the resulting sample 4 hydrochar becomes increasingly similar to coal. It can be seen that the removal of oxygen and hydrogen from the biomass results in the increase in carbon content and shifts the hydrochar from the biomass region towards the coal regions. At a reaction temperature of 190˝C, the hydrochar possesses H/C and O/C ratios similar to peat, while at 250˝C or higher, the hydrochar is similar to that of low-grade coal. 190 °C, the hydrochar possesses H/C and O/C ratios similar to peat, while at 250 °C or higher, the hydrochar is similar to that of low-grade coal. 
Thermal, Gravimetric and Calorimetric Analyses
As shown in Table 2 , there was a decrease in mass yield with increasing temperature. This phenomena indicates that high solubilisation of components occurred during the reaction and increased cracking of the hydrothermal red liquor products to form gas-phase and/or liquid-phase by-products [19] . The highest HHV of 30 MJ/kg recorded among the hydrochar samples was due to the addition of acetic acid, which has been suggested to cause degradation of cellulose in biomass to increase the percentage of lignin, and therefore increases the overall HHV [25] . In addition, the increase in HHV was due to the formation of 5-hydroxymethylfurfural (5-HMF) in the liquid phase (more discussion on this in Section 4.2). This result indicates the great potential of using acetic acid in the HTC processing of red liquor to produce a high-quality fuel.
The formation of ash and the high inorganic metallic content present in them remains one of the biggest challenges for biomass combustion and for producing high energy-content hydrochar. Inorganic metallic content such as arsenic, mercury, lead are toxic and carcinogenic, therefore they can cause serious negative health impacts on humans and increased environmental risks. Moreover, inorganics cause fouling and slagging in the boilers, which can significantly affect combustion and the thermal efficiency of a system. For the obtained hydrochar samples, significant reduction in the ash yield was observed with increase of reaction temperature. The significant reduction in the ash yield is directly associated to the removal of inorganic metals from the hydrochar to the residual process liquid by-product. Sample 4, prepared with acetic acid at pH of 3, recorded the lowest ash content at each reaction temperature. The lowest ash content recorded was 1.1 wt.% at 250 °C HTC temperature.
In the TGA analysis, the drop in weight exhibited by the samples up to 120 °C was due to the adsorbed moisture content present in them (samples were dried at 105 °C prior to TGA analysis). There are two methods in which water is adsorbed in the biomass; non-bonded (cell wall) and bonded (hydrogen-bonded to the hydroxyl groups of cell wall). As structural changes of the biomass take place during the HTC process, non-bonded moisture increases, whereas bonded moisture decreases. Unlike cellulose and lignin, hemicellulose exhibits high water adsorption capacity. Therefore, removal of hemicellulose from the hydrochar during HTC lowers its tendency to adsorb water and makes it a hydrophobic product [26] . The loss of moisture content is associated with the loss of interlayer water from the red liquor, loss of hemicellulose and the evaporation of volatile organic materials such as dimethyl sulfide [27] .
As the TGA heating temperature increased, the weight loss of the hydrochar samples can be divided into three stages: below 320 °C, between 320 °C to 500 °C, and above 500 °C. During the first 
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In the TGA analysis, the drop in weight exhibited by the samples up to 120˝C was due to the adsorbed moisture content present in them (samples were dried at 105˝C prior to TGA analysis). There are two methods in which water is adsorbed in the biomass; non-bonded (cell wall) and bonded (hydrogen-bonded to the hydroxyl groups of cell wall). As structural changes of the biomass take place during the HTC process, non-bonded moisture increases, whereas bonded moisture decreases. Unlike cellulose and lignin, hemicellulose exhibits high water adsorption capacity. Therefore, removal of hemicellulose from the hydrochar during HTC lowers its tendency to adsorb water and makes it a hydrophobic product [26] . The loss of moisture content is associated with the loss of interlayer water from the red liquor, loss of hemicellulose and the evaporation of volatile organic materials such as dimethyl sulfide [27] .
As the TGA heating temperature increased, the weight loss of the hydrochar samples can be divided into three stages: below 320˝C, between 320˝C to 500˝C, and above 500˝C. During the first decomposition stage, most samples hydrothermally treated at 190˝C experienced at least 50 wt.% weight loss, which can been attributed to hemicellulose degradation and decomposition of some organic matters, such as small molecular weight organic acids, and oligosaccharides [27] . Higher weight loss was observed for samples 2 and 3, which indicates that small amounts of acetic acid and ethanol had enhanced the hemicellulose content in the hydrochar and its complete degradation to form sugars such as xylene.
In the second decomposition stage, from 320˝C to 500˝C, another major weight loss occurs for all samples hydrothermally treated at 190˝C, which can be associated with the decomposition of cellulose and larger molecular weight organic acids. Approximately 18 wt.% weight loss was observed for raw red liquor in this stage, which indicates lower cellulose content than hemicellulose. Sample 3 only experienced 5 wt.% weight loss, indicating very low cellulose content compared to its hemicellulose content. The largest weight loss observed was by sample 4, which suggests high cellulose content that leads to its decomposition to form organic acids and hydronium ions from the acetic acid added to act as the catalysts for reaction [11] .
In the third decomposition stage, above 500˝C, lignin, which was the most difficult to decompose compound, decomposes slowly, but minor weight loss for all samples was observed, suggesting small quantities of lignin compared to other biomass compounds. Moreover, decomposition some inorganic salts occur at these temperatures. The remaining residue left uncombusted above 900˝C, when the atmosphere was switched to air, is considered as the ash content.
The increase of HTC temperature to 220˝C shifts the hydrochar profiles towards higher decomposition temperatures, primarily in the second and third stages. The highest weight loss demonstrated by the hydrochars was in the second stage, associated with the degradation of cellulose and larger molecular weight organic acids [11] . Sample 3 and 4 lost around 85 wt.% of their initial weight at the end of the second stage. Likewise, the samples hydrothermally reacted at 250˝C showed major weight losses only in the last two decomposition stages, except for sample 1, which indicates that lignin makes up a dominant fraction of the hydrochars. The lack of evolution in the TGA profile of sample 1 demonstrates that water alone is not a suitable medium for hydrothermal treatment of red liquor. The most evolved profile was that of sample 4, which indicates the benefit of acetic acid and the higher degree of pH adjustment (to 3) in producing a fuel that exhibits high temperature volatilization.
Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR analysis results were analyzed using Table 3 [28] [29] [30] [31] , which demonstrates the functional groups assigned to every band wavelength present in the hydrochar samples. For raw red liquor, large water content attributed to -OH stretching band in the region of 3200-3500 cm´1 was observed. The presence of aromatic rings is also evidenced by the band at 1620 cm´1, attributed to C=C vibrations and to the bands in the 750-850 cm´1 region, assigned to aromatic C-H out-of-plane bending vibrations. An aromatic skeletal vibration combined with C-H in plane deformation was also observed in the band at 1420 cm´1. In addition, the presence of cellulose and hemicellulose was observed by the band at 1050 cm´1 assigned to C-O stretching in hydroxyl, ester or ether. Similarly to raw red liquor, the hydrochar samples at 190˝C had a significant band in the 3200-3500 cm´1 region attributed to water content (-OH stretching band) but with varying band intensity. The greatest absorption intensity for all hydrochars, particularly samples 2, 3 and 4, was observed in the region of 2800-3000 cm´1 which corresponds to the stretching vibrations of aliphatic C-H. This finding suggests that the hydrochars possess aliphatic structures. Samples 3 and 4 had significant absorption intensity in the 1650-1720 cm´1 region that is attributable to O-H and C=O vibrations corresponding to carbonyl, ester or carboxyl functions. The presence of aromatic rings is also evidenced by the band at 1620 cm´1, attributed to C=C vibrations, with higher absorption intensity for sample 2. Aromatic C=C stretching from aromatic ring of lignin in the 1450-1550 cm´1 band region was evident for samples 3 and 4. Moreover, the presence of cellulose and hemicellulose, particularly for samples 2 and 4, was observed by the band at 1050 cm´1 assigned to C-O stretching in hydroxyl, ester or ether.
As can be seen, with increasing reaction temperatures i.e., 220˝C and 250˝C, the band regions that represent the oxygen groups at 3200-3500 cm´1 (attributed to the -OH stretching in hydroxyl groups), 1710 cm´1 (C=O vibrations corresponding to carbonyl, ester or carboxyl) and 1050-1450 cm´1 (C-O stretching in hydroxyl, ester or ether) decrease in intensity. Moreover, the intensity of the band strength at 1740 cm´1, represented by the C=O stretching of unconjugated ketone and carbonyls in hemicellulose, becomes weaker with increasing reaction temperature. This finding agrees with the TGA profiles of the hydrochars (Figure 2 ) that suggest a decrease in weight loss of the hydrochars in the first stage when the reaction temperature is increased. Both findings imply that a large fraction of hemicellulose is removed from the hydrochar into the liquid by-product. The peak band at 1620 cm´1, attributed to the presence of aromatic rings, decreases with increasing reaction temperature, especially for samples 2 and 3, and is not detected at 250˝C. This implies that the moisture is unable to form hydrogen bonds due to the breakdown of the structure during high reaction temperatures. The intensity of the band region 1050-1450 cm´1, affiliated to the C-O and C-C stretching in cellulose and hemicellulose, becomes weaker with increasing reaction temperature, resulting in the removal of large fractions of cellulose and hemicellulose from the hydrochars. On the other hand, the intensity of the lignin band at 1501 cm´1 increases with increasing reaction temperature, and significantly so for samples 2, 3 and 4. This suggests that hydrothermal carbonization managed to enhance the lignin composition of the hydrochar and the removal of hemicellulose.
Process Liquid (Residual By-Product)
It has been reported that the liquid by-product of the HTC process contains organic and phenolic acids such as acetic acid, formic acid and levulinic acid, and 5-hydroxymethylfurfural (5-HMF) formed by the degradation of biomass polymers primarily hemicellulose and cellulose [32, 33] . The HHV of 5-HMF is approximately 22 MJ/kg, which is notably higher than hemicellulose and cellulose, and close to that of lignin with 23.3-26.6 MJ/kg [34] . During the HTC process, small pores are formed in the hydrochar which enables the 5-HMF to precipitate on them, further enhancing the energy densification of hydrochars [34] . Moreover, acetic acid addition can influence the formation of 5-HMF in the liquid by-product [35] . The generation of 5-HMF in the residual process liquid strongly depends on operating conditions such as reaction time, temperature and amount of acid used in the process. Generally, adequate amounts of acetic acid can increase of the overall HHV if the 5-HMF is deposited in the porous hydrochar structure [36] . However, excess amount of acetic acid can convert 5-HMF to levulinic and formic acids. Both HMF and levulinic acids serve as important key building blocks in the manufacture of high-value chemicals and materials. They were also listed in the "Top 12 value added chemicals from biomass" by the US Department of Energy [37] . The identification, characterization and recovery of these high quality intermediate compounds provide a potential platform for the chemical manufacturing industry [32] .
Fourier Transform Infrared Spectroscopy (FTIR)
For raw red liquor, a large water content evidenced by the -OH stretching band in the region of 3200-3500 cm´1 was observed. The presence of aromatic rings is also evidenced by the band at 1620 cm´1, attributed to C=C vibrations and to the bands in the 750-850 cm´1 region, assigned to aromatic C-H out-of-plane bending vibrations. An aromatic skeletal vibration combined with C-H in plane deformation was also observed in the band at 1420 cm´1. In addition, the presence of cellulose and hemicellulose was observed by the band at 1050 cm´1 assigned to C-O stretching in hydroxyl, ester or ether.
Similarly to red liquor, significant water content was observed for all residual process liquid samples from the hydrothermal treatment at 190˝C, except for liquid sample 1, but with varying intensity in the region of 3200-3500 cm´1 attributed to -OH stretching band. Unlike the hydrochar samples, no band signals were observed in the 2800-3000 cm´1 band region which corresponds to the stretching vibrations of aliphatic C-H, therefore the liquid samples do not contain aliphatic structures. The presence of aromatic rings was evident for liquid samples 2, 3 and 4 represented by the band at 1620 cm´1, attributed to C=C vibrations. There was no cellulose and lignin present in the residual process liquid samples due to the absence of band signals in the 1050-1100 cm´1 and 1450-1550 cm´1 band regions, assigned to aromatic C=C stretching of lignin ring and C-O stretching in hydroxyl and ester, respectively.
As can be seen with increasing reaction temperature, i.e., 220˝C and 250˝C, the water content in the residual process liquid is still substantial, with the increase in band intensity in the 3200-3500 cm´1 band region, attributed to -OH stretching. The peak band at 1620 cm´1, attributed to the presence of aromatic rings, increases with increasing reaction temperature, which suggest the breakdown of the structure during the HTC process at higher temperature as illustrated in the FTIR of the hydrochar samples. In addition, the intensity of the band region 1200-1450 cm´1, affiliated to the C-O and C-C stretching in cellulose and hemicellulose, becomes stronger with increasing reaction temperature, which indicates the removal of large fractions of cellulose and hemicellulose from the hydrochar samples into the residual liquid samples. Unlike the hydrochar samples, no band signals assigned to aromatic C=C stretching of lignin were observed at 1501 cm´1, which indicates that the HTC process did not manage to decompose/degrade lignin and it still had strong presence in the hydrochar samples.
Inorganic Metal Analysis
The inorganic elemental composition in biomass varies according to the type of biomass and process operating conditions. The inorganic elements analyzed for were calcium, magnesium, manganese, potassium, phosphorus and sodium. These inorganic impurities, if present in the hydrochar, are left as residue in the form of ash during combustion. In addition, they exist in their oxide form in ash and exhibit undesirable negative effects such as corrosion and fouling [38] . The inorganic elements in lignocellulosic biomass are generally held in hemicellulose and soluble extractives [22] . Hence, the removal of hemicellulose can reduce the inorganic elemental composition in the hydrochars. This effect is observed in both the TGA and FTIR results of the hydrochar samples (Figures 2 and 3) for samples prepared at high HTC reaction temperatures, where complete conversion of hemicellulose occurred. Figure 5 shows that these inorganic elements were leached into the liquid by-product.
Under HTC process conditions, the degradation and depolymerisation of hemicellulose and cellulose improves the hydrochar porosity. It has been noted that such enhanced porous structure may allow the leaching of alkaline inorganic elements that were previously held in the cross-linked matrix of biomass [34] . To reduce the concentration of inorganic elements further, acetic acid and ethanol were used to help solubilize and leach out these inorganic elements from the hydrochar samples [25] .
Conclusions
Based on the results of this study, it can be stated that, under well optimized conditions, it is possible to produce a fuel from NSSC red liquor that can potentially be used in at least partial substitution of coal in power generation facilities. The following are the main findings of this study:
‚
The carbon content of the hydrochar increased with an increase in reaction temperature, with the maximum value (73.6 wt.%) achieved at 250˝C, reaction time of 3 h, using acetic acid at pH 3 as an additive.
The conditions that maximized carbon content also maximized HHV (29.87 MJ/kg), and minimized ash content (1.12 wt.%).
‚ Among the HTC operational parameters varied, the reaction temperature had the most dominant effect on the hydrochar properties. Addition of acetic acid, and the resulting reaction medium pH reduction, had the next most significant effect.
The liquid by-product is the sink for undesired inorganic elements and degraded organics.
